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Abstract
Micro Electro Mechanical Systems Integrated Frequency Reconﬁgurable Antennas for
Public Safety Applications
by
Hema Swaroop Mopidevi, Master of Science
Utah State University, 2010
Major Professor: Dr. Bedri A. Cetiner
Department: Electrical and Computer Engineering
This thesis work builds on the concept of reconﬁguring the antenna properties (fre-
quency, polarization, radiation pattern) using Radio Frequency (RF) Micro Electro Me-
chanical Systems (MEMS). This is a part of the overall research performed at the RF
Micro/Nano Electro Mechanical Systems ( NǫMS) Laboratory at Utah State University,
which includes design, microfabrication, test, and characterization of  NǫMS integrated
cognitive wireless communication systems (Appendix A).
In the ﬁrst step, a compact and broadband Planar Inverted F Antenna (PIFA) is de-
signed with a goal to accommodate reconﬁgurability at a later stage. Then, a Frequency
Reconﬁgurable Antenna (FRA) is designed using MEMS switches to switch between the
Public Safety (PS) bands, 152-162 MHz and 406-512 MHz, while maintaining the integrity
of radiation pattern for each band. Finally, robust mechanical designs of the RF MEMS
switches accompanied by diﬀerent analyses have been performed. These analyses are in-
strumental in obtaining high yield, reliable, robust microfabrication processes including thin
ﬁlm metal deposition and patterning.
(51 pages)iv
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Chapter 1
Introduction
This age of rapid technological development demands an ever-increasing speed of infor-
mation transfer over the wireless communication systems for the sake of ease and speed of
access of useful information. The existing wireless communication systems need a massive
update both in the communication aspect and Radio Frequency (RF) perspective because
with today’s advent of smart phones, i-touch, i-pad, etc., the demand on eﬃcient use of
Bandwidth (BW) in the wireless communication scenario has increased many a times. Sev-
eral coding and multiplexing schemes [1] have evolved in the signal processing domain for
this purpose but these require multiple antennas at the RF end for better performance.
Multiple Input Multiple Output (MIMO) systems [2–7] make the best use of such intelli-
gent coding schemes provided they can be beneﬁtted from the adaptability in the antenna
design - a single antenna capable of performing multiple functions of several antennas by
dynamically changing its geometrical properties, i.e., Multi-functional Reconﬁgurable An-
tenna (MRA).
The dynamic changes encountered in the propagation medium, the ever-increasing
demand of wireless services such as voice, video, multi-media, internet on phone, etc., the
need of dynamic behavior of the antenna to suit to the above scenario have resulted in the
idea of MRA [8–13]. In an adaptive MIMO system, capable of increasing the capacity of
the next-generation wireless communication systems, emphasis has been made on smart
coding techniques in the signal processing domain making use of dumb antenna arrays with
ﬁxed properties like radiation, polarization, operation frequency, etc. Therefore, introducing
adaptability in the antenna design allows an additional degree of freedom in an adaptive
MIMO system selecting the best antenna performance in accordance to the transmission
algorithm and varying channel conditions. This explains the signiﬁcance of MRA which can2
dynamically change their functionality like frequency of operation, beam-tilt, polarization,
etc., by mere operation of Micro Electro Mechanical Systems (MEMS) switches [14–17]. In
eﬀect, the principle of reconﬁgurable antennas: adaptable change of the geometry of the
antenna by operation of MEMS switches resulting in multiple functionality is extremely
useful in MIMO scenario for eﬃcient use of BW. The invention of microwave laminate
compatible RF MEMS technology [18,19] by Dr. Bedri A. Cetiner has eased and expedited
the fabrication process of MRAs. MEMS switches are the main building blocks of MRAs,
and hence robust and harsh environment tolerant MRA design requires maximizing the
reliability of MEMS switches providing an acceptable RF performance over a wide frequency
range (Appendix A).
Recent developments in the MIMO systems resulting in the improvement of indoor
channel (IEEE-802.11n model F and B) link performance is mainly possible by the use of
MRAs in the RF chains [20]. Each MRA replaces the functionality of signiﬁcant number
of antennas thereby reducing the number of RF chains when compared to the legacy multi
antenna systems. As a result, the capacity of the wireless communication MIMO system
equipped with arrays of MRAs is maximized with a corresponding decrease in the Symbol
Error Rate (SER), hence outperforming the systems with conventional antennas. The gain
of a typical adaptive MIMO system equipped with reconﬁgurable antennas is also quite
high when compared to the dumb antenna arrays with properties ﬁxed at the beginning of
the design.
Latest developments in the information theory resulting in a new multiplexing scheme
in MIMO systems called interference alignment [21–24] have led to the ever-increasing de-
mand of reconﬁgurable antennas. Induced channel ﬂuctuations by predetermined switching
patterns resulting in diﬀerent modes of multiple antennas lead to the distribution of half
of the total channel capacity to N users [25–28]. Instead of using multiple antennas in this
scenario, use of an array of MRAs increases the intelligence of the RF end where in the
reconﬁgurable antennas and the intelligent coding schemes of the signal processing domain
work hand in hand in an eﬀective feed-back loop. In this aggressive approach of intelligent3
use of channel capacity the speed of switching of the reconﬁgurable antenna is an important
design problem which relates directly to the switching speed of MEMS.
In this thesis, the frequency reconﬁgurability of an MRA has been explored with a goal
to switch between the United States (US) Public Safety (PS) bands 152 - 162 MHz and
406 - 512 MHz. The ﬂow of this research is divided into three important steps. First, a
broadband antenna which can support interoperability with a compact structure is designed
in order to provide a basic antenna structure for reconﬁgurability. In the second step, a
robust frequency reconﬁgurable antenna with minimal number of switches is designed which
also maintains the integrity of radiation pattern at diﬀerent frequencies. Last, a robust
mechanical design of RF MEMS switch which forms the fundamental building block of the
MRA is explained which is essential for the success of this design.4
Chapter 2
Broadband and Compact PIFA
2.1 Introduction
During natural or man-made catastrophes, there is a need for a robust wireless commu-
nication system with broad BW to support wireless communication needs (voice, data, and
video) of the US PS community. The broad bandwidth is also needed to accommodate the
interoperable communications among a large number of emergency responders of various
agencies trying to jointly handle the situation. Mobile devices require compact antennas
and the Planar Inverted F Antenna (PIFA) presented here suits this purpose well. The BW
of a legacy PIFA [29,30] however, is typically less than 10%. Various BW enhancement
techniques of PIFAs such as using a T-shaped ground plane [31], tapering of the patch [32],
and dual resonant patches [33], have been commonly used in the literature. In this chapter
we combine T-shaped ground plane and patch tapering [31,32] techniques in conjunction
with the capacitively coupled feed method [34] in a PIFA structure so as to achieve sub-
stantial BW improvement. The presented PIFA operates over 675.5 – 953 MHz, resulting
in 34.7% BW for VSWR<2 with good gain ﬂatness.
2.2 Design and Working Mechanism
The three aforementioned techniques, which are eventually combined into a single PIFA
structure to achieve an optimal design with broad BW, are discussed below.
2.2.1 T-Shaped Ground
The T-shaped ground technique [31] emphasises the eﬀect of the ground planes geomet-
rical features on BW with the top plane patch element dimensions being ﬁxed for a given
resonant frequency. The BW of a PIFA can be enhanced by properly shaping the ground5
plane; hence the ground plane is transformed to a T-shape by etching away two rectangular
patch shape regions (of which boundaries are indicated by dashed lines in ﬁg. 2.1) of copper
layer from it. Ideally, the ground plane metal is placed on an air substrate. However, in
this work, for the sake of mechanical integrity and ease of fabrication, the T-shaped ground
plane is formed on a thin dielectric substrate (d ∼ 0.8mm, with ǫr close to 1). The copper
layer on one side is etched away completely, while the other side is etched into a T-shape
copper. As simulations demonstrated, this simpliﬁcation does not change the behaviour of
Fig. 2.1: 2D and 3D schematics of proposed PIFA and photographs of fabricated PIFA (top
and bottom views) indicating metal boundaries of hidden views of PIFA (T-shape ground
and bottom plate of capacitive feed) in 2D and 3D schematics: a) 2D and 3D schematics
of the proposed PIFA, b) Photographs of the fabricated PIFA.6
the antenna. The main design parameters for the T-shape ground plane are W, Wt, Wg,
and Lt as depicted in ﬁg. 2.1.
2.2.2 Patch Tapering
Given the limited volume available for antenna elements in wireless communication
devices, this BW enhancement technique [32] employs a linear tapering of the radiation
patch by simple geometrical modiﬁcation of the original design, as opposed to common
techniques that use additional elements or increase the volume of the antenna. The essential
design parameters are length and width of the top patch, Lp, Wp, and the tapering lengths
A and B as shown in ﬁg. 2.1.
2.2.3 Capacitive Coupling
This type of feeding is used to compensate for the inductance of the coaxial feed line
by means of terminating it with a capacitor patch [34]. The result is a better match in
a wider frequency range. Also, the use of capacitor feeding helps in easy fabrication and
there is no need to connect the coaxial feed directly to the top patch. As explained in the
T-shaped ground plane sub section, instead of using air as a dielectric for the capacitive
feed, a substrate (d ∼ 0.8mm, with ǫr close to 1) is sandwiched by the bottom conductive
plate of the capacitive feed and top patch metal of the PIFA. The design parameters of
this type of feeding are Lc and Wc, the size of the bottom conductive plate, which is placed
underneath the tapered radiation patch with a distance as determined by the thickness of
the substrate (d ∼ 0.8mm) as shown in ﬁg. 2.1.
2.3 Final Design
Initially, a coaxial fed PIFA using only one of the BW enhancement techniques, i.e., the
T-shaped ground plane, is designed, resulting in an impedance BW of 18%. The location of
the feed is jointly optimised with the design parameters and is ﬁxed for the rest of the design
(which is located at one corner of the patch). Then, for the second technique, a patch taper
is introduced into the same design without making any changes in the T-shaped ground7
plane and feed mechanism. The BW of the combined design is more than 26%, but the
operational frequency is increased as patch tapering is introduced. To account for this
increase, the parameters of the T-shape are varied, simultaneously changing the width of
the shorting wall Ws as depicted in ﬁg. 2.1. The ﬁnal step is to change the feeding from
coaxial cable to a capacitively coupled feed and to obtain a good match by optimising the
parameters of feeding. The BW of the ﬁnal design in High Frequency Structure Simulator
(HFSS) simulation is ∼ 31%, as shown in ﬁg. 2.2. The direction of the maximum gain of
the ﬁnal design is tilted in a particular direction (in Φ = 900 cut of the total electric ﬁeld
the maximum gain is in θ = 300 direction), as shown in ﬁg. 2.3.
2.4 Final Design Dimensions
The ﬁnal dimensions of the PIFA in millimetres as derived from the previous section
are shown in ﬁg. 2.1: the patch, Lp X Wp is 80 X 72; the height of the patch, h = 10; the
location of the patch, Q = 50, P = 23; the tapering lengths, A = 40, B = 36; the ground
plane parameters Lt X Wg is 180 X 220, W = 20; Wt = 6; the capacitive feed metallisation
plate, Lc X Wc is 34 X 22; the width of the shorting wall is Ws = 15.
Fig. 2.2: Measured and simulated reﬂection coeﬃcients of PIFA.8
Fig. 2.3: Total normalised electric ﬁeld intensity at 800 MHz for Φ = 900 plane and θ = 300
plane: a)Φ = 900 plane, b)θ = 300 plane.
2.5 Fabrication and Measurements
A PIFA with the above dimensions was fabricated and its radiation and impedance
behaviour have been characterised. The fabrication involves copper layer removal by me-
chanical etching to deﬁne the planar geometrical features of diﬀerent parts of the antenna.
The bottom metal plate of the capacitive feed was etched on one side of the substrate, and
the tapered patch layer is formed on the other side, which also contains the top metallisa-
tion of the feed. The T-shaped ground plane is formed on a separate substrate as explained
in the Design and Working Mechanism section. Finally, these individual layers, along with
the vertical wall and coaxial cable, were soldered together to obtain the 3D architecture of
the PIFA. The inner conductor of the coax is attached to the bottom metallisation of the
capacitive feed through the ground plane and the outer conductor directly to the ground
plane. The measured reﬂection coeﬃcient of the fabricated antenna results in broader BW
(∼ 35%) compared to the HFSS simulation with the centre frequency of 800 MHz as shown
in ﬁg. 2.2. The radiation patterns showing the normalised total electric ﬁeld intensity in
two planes (Φ = 900 and θ = 300 planes) at 800 MHz are given in ﬁg. 2.3. θ = 300 plane is
deliberately chosen since the maximum gain direction is oriented along this direction. The
radiation patterns (Appendix B) at 700 and 900 MHz are also measured and simulated,9
showing almost identical patterns to those of 800 MHz. The maximum gain with respect to
frequency showing a good ﬂatness is illustrated in ﬁg. 2.4. Measured and simulated results
agree well, as is clear from these ﬁgures.
2.6 Conclusion
The presented PIFA uses a combination of two BW enhancement techniques and ca-
pacitive feeding, which provides ∼ 35% bandwidth. This antenna is well suited to the
robust and interoperable wireless communication needs of the United States Public Safety
community. The presented PIFA maintains its radiation pattern with an average gain of
nearly 4.2 dB over the 675.5 – 953 MHz frequency band covering three of the Public Safety
bands. Measured results agree well with simulations.
Fig. 2.4: Measured and simulated gains with respect to frequency.10
Chapter 3
Frequency Reconﬁgurable Antenna
3.1 Antenna Architecture
Achieving a wide-bandwidth with a compact antenna while maintaining the integrity
of the radiation pattern is the principal agenda we have incorporated into this successful
Frequency Reconﬁgurable Antenna (FRA) design which can cover 152 – 162 MHz band
in Mode1 and 406 – 512 MHz band in Mode2. Planar Inverted F Antenna (PIFA) [29]
popularly used in mobile communications, is used individually for each mode as a ﬁrst step in
reducing the size of the antenna in mobile/wireless communication scenario. Two bandwidth
enhancement techniques of PIFA namely T-shaped ground-plane and patch tapering are
combined and optimized. A dielectric RO4003C (with ǫr = 3.38, tanδ = 0.002) is used as a
substrate to make it micro-fabrication compatible and also for the purpose of size – reduction
and feeding is through coaxial cable. The capacitive feed layer mentioned in the previous
design in Chapter 2 [35] is removed with a goal to avoid reconﬁgurability in multiple layers
thereby reducing the complexity of the antenna. The meandered line introduced in the pole
of the T-shaped layer of PIFA, as shown in ﬁg. 3.1, has a considerable eﬀect of size-reduction
as the pole is the major radiating element. The speciﬁc dimensions of PIFA corresponding
to both the modes (Mode1 and Mode2) in mm are in ﬁg. 3.1 as: The patch, Lp X Wp is
106 X 108; height of the patch, h = 25; tapering lengths, A = 84, B = 81; ground plane
parameters, Lt X Wg is 195 X 180; width of the pole WP = 33; width of T-shape WT = 40;
width of the shorting wall, Ws = 40; length of the meander Lm = 341.58mm; is not shown
in ﬁg. 3.1 as it represents the entire length of the meandered line, width of the meandered
line Wm = 3. The position of the individual MEMS switch for each mode and its operation
is discussed elaborately in Frequency Reconﬁgurability section.11
Fig. 3.1: 2D and 3D schematics of the antenna structure: a) 3D schematic of the MRA, b)
Top patch of the antenna, c) Reconﬁgurable ground layer of the antenna.
3.2 Frequency Reconﬁgurability (150, 400 – 500 MHz Bands)
A robust design which can facilitate both Mode1 (152 – 162 MHz) and Mode2 (406 – 512
MHz) by operating the MEMS switches ON or OFF is given here. The success of this
design lies in conﬁning the reconﬁgurability to one layer i.e., the ground layer of the PIFA.
In this design, the pole in the reconﬁgurable ground layer becomes the major radiating
element and dominates the radiation pattern of the patch and its increased width results
in high bandwidth. Hence, creating a meander in the pole leads to a decrease in the overall
size (which is dominated by the lowest operational frequency of the designed FRA) of the
antenna. Several attempts of preserving the T-shape of the structure at various locations in12
the ground plane, which is an important design consideration at diﬀerent frequencies, lead
to the idea of connecting the pole-structure to the T-shape to make it resonate at a higher
frequency. Figure 3.1(a) and ﬁg. 3.1(b) give the 3D schematic of the antenna and the top
view of the same, respectively. The MEMS switches are strategically located on the pole
and meandered part of the ground plane as shown in ﬁg. 3.1(c) to incorporate frequency
reconﬁgurability into the antenna design. Except for the ground plane, the rest of the
parameters or the dimensions of diﬀerent parts of the design are the same for both modes
of operation. A design trade-oﬀ between the size of the antenna, bandwidth obtained, and
integrity of the radiation pattern resulted in an increase in the number of switches used in
the ground layer.
3.2.1 Mode1 (152 – 162 MHz)
The overall size of the MRA is limited to 19.5 X 18 X 2.5 cm3 which is less than
λ/10 at 150 MHz. The BW of this design in Mode1 is narrow (about 0.5 MHz) as we had
to compromise on the size of the antenna while maintaining an omni-directional radiation
pattern in the φ = 00 plane. The reconﬁgurability in the meandered line in Mode1 (which
is attributed by Ali Khoshniat, master’s student in Electrical Engineering, Utah State
University) by the MEMS switches L1 to L9 are shown in ﬁg. 3.2. The magniﬁed sub-ﬁgure
of ﬁg. 3.2 shows how the three MEMS switches (L1, L4, and L7) on the meandered line
can give 23 combinations by creating a longer path for the RF signal at each MEMS switch
(when it is OFF), thereby decreasing the operational frequency of the overall design. Each
bypass has two more MEMS switches and these are in OFF state when the main switch
(L1, L4, or L7) is ON and vice versa. This is required to avoid the coupling eﬀect of the
nearby lines on the sub-meandered lines. An important point to be noted in this context is
that the RF signal always takes the shortest possible path and this is why it passes through
the switch when it is closed, avoiding the longer route. In this way, in spite of having a low
bandwidth, we can ﬁne tune the operational frequency in Mode1 to sweep from 152 – 162
MHz with a diﬀerent combination of the ON and OFF states of the MEMS switches in
the meandered line. The ﬁne tuning capability of this design is shown in ﬁg. 3.3 where in13
Fig. 3.2: Reconﬁgurable ground layer in Mode1.
the reﬂection coeﬃcient of ﬁne tuned modes are depicted. Please note that the number
of switches for ﬁne tuning and the BW obtained at a single frequency are not optimized,
and at the end we may use four to ﬁve sub-meandered sections each having three MEMS
switches in turn to sweep the frequency over the entire band in Mode1. The radiation
pattern of Mode1 at any frequency in the band is omni-directional in the Φ = 00 plane
proving the robustness of the design. As an example, a typical radiation pattern at 157
MHz is shown in the ﬁg. 3.4. The switches LH1 to LH10 operate in such a way that the RF
signal passes through the meandered line avoiding the straight line path to the T-shape as
shown in ﬁg. 3.2. The width of the pole structure for Mode1 is 33 mm which is obtained
by turning the switches P1 to P6 ON always.14
Fig. 3.3: Reﬂection coeﬃcient of Mode1 depicting ﬁne tuning capability.
Fig. 3.4: Radiation pattern at a sample frequency in Mode1.
3.2.2 Mode2 (406 – 512 MHz)
The noticeable changes from Mode1 to Mode2 are the reconﬁgurability in the pole
structure of PIFA and RF signal avoiding the meander path by travelling through a straight
line to the T-shape as shown in ﬁg. 3.5. The meander is avoided with a goal to make the15
Fig. 3.5: Reconﬁgurable ground layer in Mode2: a) Conﬁguration in sub-band 1 (406 – 452
MHz), b) Conﬁguration in sub-band 2 (452 – 512 MHz).
same structure resonate at a higher frequency and also enhance the BW simultaneously.
In an attempt to increase the bandwidth of the antenna in Mode2 (406 – 512 MHz) from
approximately 50 MHz to 106 MHz (to cover the entire band which is 406 – 512 MHz) several
parameters of the ground plane are varied the important one among them being pole-width
which is represented as WP in ﬁg. 3.1. The parametric variation of the pole width (WP)
gave interesting results as shown in ﬁg. 3.6. Ultimately, it became evident that a change in
pole-width from 33mm to 3mm resulted in a jump in frequency adequate to cover the entire
band of Mode2 (406 – 512 MHz) in two sub-bands. Hence, the reconﬁgurability in the pole
structure is required to ﬁne tune the Mode2 from 406 – 452 MHz band to 452 – 512 MHz
band as the maximum BW obtained in this design is approximately 50 MHz. The switches
P1 to P6 in the pole structure as shown in ﬁg. 3.5 retune Mode2 to two sub-bands and16
their operation is explained in Table 3.1. The switches LH5 to LH10 on the meandered line
avoid the RF signal in taking a meandered way and force it to pass through the switches
LH1 to LH4 in a straight line. The reﬂection coeﬃcient in ﬁg. 3.7 shows the two sub-bands
of Mode2. The radiation pattern in ﬁg. 3.8 at diﬀerent frequencies in Mode2 shows an
acceptable omni-pattern in φ = 00 plane with a diﬀerence in the maximum and minimum
gain of nearly 2 dB demonstrating the integrity in radiation pattern. The radiation pattern
is not perfectly omni-directional as we have to compromise on the compactness of the
Fig. 3.6: Parametric variation of pole-width aﬀecting the reﬂection coeﬃcient of the antenna
in Mode2.
Table 3.1: Switch operation for ﬁne tuning in Mode2.
Frequency Range Switches P1 to P6
406 – 452 MHz ON
452 – 512 MHz OFF
Fig. 3.7: Reﬂection coeﬃcient in Mode2 depicting sub-bands 1 and 2.17
antenna and BW required. Table 3.2 explains the operation of the switches in reconﬁguring
between Mode1 and Mode2.
3.3 Surface Current Distribution on the Reconﬁgurable Ground Layer in Dif-
ferent Modes of Operation
The surface current distribution on the reconﬁgurable ground layer is an important
parameter to explain the resulting bandwidth, corresponding shape of the radiation pattern
and operational frequency of the FRA. Figure 3.9 shows the surface current distribution on
the reconﬁgurable ground layer in switching from Mode1 (152-162 MHz) to Mode2 (406-512
MHz) which is also called coarse tuning.
Also ﬁg. 3.10 shows the High Frequency Structure Simulator (HFSS) plot of surface
current distribution of ﬁg. 3.9. As is evident from ﬁg. 3.9, the surface current is made to
ﬂow in a meandered way to the T-shape in Mode1 to decrease the operational frequency
Fig. 3.8: Radiation pattern in the φ = 00 plane in Mode2 at diﬀerent frequencies.
Table 3.2: Switch operation in frequency switching from Mode1 to Mode2.
Mode of Operation Mode1(152 – 162 MHz) Mode2(406 – 512 MHz)
LH1 to LH4 OFF ON
LH5 to LH10 ON OFF
P1 to P6 ON ON/OFF based on sub-band
L1, L4 and L7 ON OFF
L2, L3 , L5 and L6 ON/OFF based on ﬁne tune OFF18
Fig. 3.9: Surface current distribution on Mode1 and Mode2 ground plane conﬁgurations.
Fig. 3.10: Surface current distribution of Mode1 and Mode2 in HFSS.
(as the operational frequency is inversely proportional to the length of the path traversed
by the surface current) as opposed to a straight line path to the T-shape in Mode2 for the
same structure, hence accomplishing the goal of frequency reconﬁgurability with minimum
number of switches in a single layer. The corresponding switch operation is given in Ta-
ble 3.2. In Mode1, as the surface current traverses through many turns the bandwidth is
reduced justifying the use of ﬁne tuning for Mode1. In this FRA design, the pole in the
ground-plane is the major radiating element due to the coupling eﬀect over a small distance
from the radiation patch, accordingly explaining the omni-directional radiation pattern in
the φ = 00 plane. The 3D radiation pattern of the antenna in Mode1 is shown in ﬁg. 3.11
to eﬀectively explain the radiating nature of the pole. Figure 3.12 shows the surface current
distribution (in red lines) of some of the ﬁne-tuned modes in Mode1 indirectly explaining
the diﬀerent combinations of opening and closing of switches L1 to L9. Finally, to switch19
between the sub-bands in Mode2, ﬁgs. 3.13 and 3.14 explain the path traversed by the sur-
face current, eﬀectively creating a reconﬁgurable pole structure with the switch operation
explained in Table 3.1.
3.4 Frequency Reconﬁgurability including the 700 - 900 MHz Band
Ultimately, the aim of this FRA is to cover all the PS bands (152-162 MHz, 400-500
MHz, 700-900 MHz, and 4.9 GHz). In an attempt to do so, the structure which is resonating
in Mode2 is also checked if it resonates in the range 700-900 MHz by setting the frequency
sweep in HFSS from 600 MHz to 1 GHz. The reason behind doing this is to cover the entire
frequency range of interest with minimal changes in the reconﬁgurable ground plane of the
antenna. The result of this investigation in terms of reﬂection coeﬃcient is given in ﬁg. 3.15
which surprisingly conﬁrms the presence of resonance over a huge BW from 680 MHz to
920 MHz. Finally, after a series of HFSS simulations it was concluded that making small
changes to the design parameters namely, shorting-wall width, position of the shorting wall
from the corner of the radiation patch and width of the pole (WP) Mode1 and Mode2 can
cover 150, 400 - 500, and 700 - 900 MHz bands with minimal number of switches in the
Fig. 3.11: 3D radiation pattern at 157 MHz.20
Fig. 3.12: Surface current distribution in ﬁne tuning of Mode1.
Fig. 3.13: Surface current distribution in ﬁne tuning of Mode2.
ground plane. It is important to note that, the radiation pattern in 700 - 900 MHz range
further degrades in terms of being omni-directional, the reason being the inevitable coupling
eﬀect from the radiation patch. Especially, the worst radiation pattern is seen at 700 and
750 MHz and the pattern seems to improve (in terms of being omni-directional) at higher21
Fig. 3.14: Surface current distribution in HFSS depicting ﬁne tuning of Mode2.
Fig. 3.15: Reﬂection coeﬃcient of Mode2 (sub-band 1) representing ﬁrst attempt to ﬁnd
resonance in the range in 600 MHz to 1 GHz range.
frequencies (800, 850, and 900 MHz) as shown in ﬁg. 3.16. The ﬁnal design results in terms
of reﬂection coeﬃcient and radiation pattern are given in ﬁgs. 3.17 and 3.18. Figure 3.17
shows that Mode2, sub-band 1 covers both 400-450 MHz and 700 - 900 MHz bands in a
dual band conﬁguration where as sub-band 2 of Mode2 covers only 450 - 500 MHz band.
The ﬁnal design dimensions in mm are given as, the patch, Lp X Wp is 107.47 X 105.96;
the height of the patch, h = 25; the tapering lengths, A = 93.9, B = 90.9; the ground plane
parameters Lt X Wg is 180 X 195, W = 20; Wt = 6; the width of the shorting wall is
Ws = 30, pole-width WP varied between 3 mm and 33.
3.5 Method of Fabrication
The overall size in cm of the reconﬁgurable antenna is 19.5 X 18 X 2.5 which is not22
Fig. 3.16: Radiation pattern in 700 - 900 MHz range.
Fig. 3.17: Reﬂection coeﬃcient in Mode1 and Mode2 including 700 - 900 MHz band.
micro-fabrication compatible. However, the advantage of this design is that the MEMS
switches are concentrated at four regions in the reconﬁgurable ground layer. Hence, as
shown in ﬁg. 3.19, four diﬀerent substrates with MEMS are fabricated seperately and ﬁnally
integrated with the dummy antenna (fabricated using a milling machine). The ﬁnal stucture
of the reconﬁgurable after MEMS integration is shown in ﬁg. 3.20.
The microfabrication process of MEMS switch [8] was performed based on the mi-
crowave laminate compatible RF MEMS technology [18,19] that enables the monolithic
integration of MEMS actuators with antenna segments.
A seven-step microfabrication process using microwave laminate TMM10i substrates is
developed. The microfabrication process would begin by wet-etching and chemical mechan-23
Fig. 3.18: Radiation pattern at all frequencies in Mode1 and Mode2.
ical polishing (CMP) the 15  m-thick Cu layer on top of the microwave laminate TMM10i
substrate down to ∼ 2 m. Afterwards, the diﬀerent regions of interest of the RA and mi-
crostrip line segments would be patterned and wet-etched selectively. Next, ∼ 200 nm thick
SiCr bias lines were formed by DC-sputtering which was followed by the formation of Ti/Cu
bias electrode pads. A ∼ 2 m thick Ti/Cu island metal is deposited as the central-base
metallic pad for the MEMS cantilever beam. In the ﬁfth step, bias lines and bias electrodes
are passivated with a 250 nm thick dielectric layer. This is followed by the deposition of a
thick (∼ 3 m) amorphous Si (a:Si) sacriﬁcial layer which would be planarized using CMP. In
the ﬁnal seventh step, a ∼ 1.0  m thick TiW layer is sputtered. After dry-release process,
the cantilevers (width = 350 m and length = 650 m) curled upwards due to the inter-24
Fig. 3.19: MEMS integration with the overall design.
Fig. 3.20: Overall structure of the reconﬁgurable antenna.
nal stress-gradient within the deposited TiW. Figure 3.21 summarizes the microfabrication
process steps used for double-arm MEMS actuators.25
Fig. 3.21: Microfabrication process steps for the double-arm MEMS actuator.26
Chapter 4
Robust Mechanical Design of MEMS Switch
4.1 Introduction
For the successful design of a reconﬁgurable antenna, reliable operation of its building
blocks - MEMS switches, over billions of life-cycles is quite essential. The switch employed
to reconﬁgure the frequency is a DC-Contact RF MEMS switch [14] with superior RF
performance in terms of insertion loss and isolation. Instead of using the double arm
MEMS switch described in the previous chapter, a single arm DC-Contact RF MEMS
Series switch [14] is used which is similar to the Radant MEMS switch [36] as a ﬁrst step in
developing reliable MEMS switch. This chapter mainly deals with the mechanical design of
the MEMS switch by an Electro Mechanical Software CoventorWare in which the analysis is
broadly divided into four categories - Pull-in-Analysis, Stress-Analysis, Trajectory Analysis,
and Dynamic Analysis.
Before going to the diﬀerent analyses, the 3D modeling of MEMS switch is performed
by describing its fabrication procedure and the corresponding layout in coventor. There is
also Material Properties Database (MPD) in coventor to assign diﬀerent materials according
to the problem speciﬁed. The mechanical design can be done in two ways in coventor using
Analyzer (which employs Finite Element Method (FEM) for the solution) or using Architect
(which solves the diﬀerential equations in closed form). In Analyzer, the process ﬂow and
the layout information are utilized to get a 3D model (scaled by a factor of 10 in the z-
direction for better detail) as shown in ﬁg. 4.1, which is close to the real-life MEMS switch.
On the other hand, the Architect uses interconnected parametric components to form a
system level MEMS switch as shown in ﬁg. 4.2. The 3D ﬁgure obtained from Architect
looks similar to the 3D ﬁgure from Analyzer; however, Architect simulations are much
faster than Analyzer as the latter employs FEM to solve the problem. Pull-in, Trajectory,27
and Stress Analyses are better performed by Analyzer and for Dynamic Analysis Architect
is the best option as it is time-consuming and memory intensive to use Analyzer in this
regard.
4.2 Pull-in and Trajectory Analysis
The voltage (applied to the actuation pad) at which the mechanical restoring force
of the cantilever is overcome by the electrostatic force between the actuation pad and
cantilever as a result of which the cantilever comes into contact with the contact pad is the
Pull-down or Pull-in Voltage of a DC Contact MEMS Switch and is given as Vpull−down =
q
8k
27ǫ0Wwg0
3 [14] where W is the length of the actuation pad, w is the width of cantilever,
Fig. 4.1: 3D meshed model in coventor ready for FEM.
Fig. 4.2: Architect model with the corresponding 3D schematic.28
k is the spring constant of the cantilever beam which in turn depends on Young’s modulus
(E) as explained in Appendix C, g0 = h − 0.3 m is the height of the cantilever above
the actuation pad, and ǫ0 is the permittivity of free space. The diﬀerent parts of the DC
Contact RF MEMS switch are clearly depicted in ﬁg. 4.3. To have a good contact in
order to minimize the contact resistance [37] (which in turn decreases the insertion loss),
the actuation voltage should be 1.5 times the Pull-down voltage. However, generally the
actuation voltage of a MEMS switch should not be too high. To get the best out of this
trade-oﬀ the dependence of Pull-down Voltage on cantilever thickness (t) is subject to a
variation to obtain the optimum actuation voltage for the MEMS switch. The voltage at
which the cantilever becomes unstable and collapses on the actuation pad (which we will
call collapse voltage for simplicity) is important because this should be avoided to prevent
shorting of RF energy to actuation pad and this phenomenon is best shown in ﬁg. 4.4. The
other parameters, like length of the cantilever beam (l), width of cantilever (w which is not
shown in ﬁg. 4.3), height of cantilever above the substrate (h), dimple thickness (d), are
kept constant during the process. Table 4.1 gives the Pull-down and collapse voltages for
diﬀerent thicknesses of cantilever.
4.3 Stress Analysis
From the results of the previous section, the cantilevers with 4  m and 5  m thicknesses
are selected for stress analysis as these two cases suit best to design a robust MEMS switch
from the previous analysis. During the dry-release process of sacriﬁcial layer to form the
Fig. 4.3: DC contact MEMS switch with diﬀerent parts clearly depicted.29
MEMS cantilever [15], a residual stress in the cantilever is inevitable as a result of which
the cantilever is curled a little up or down basing on the type of stress gradient. This eﬀect
is detrimental to the acceptable RF performance of the MEMS switch (described in the
previous chapter) as it can reduce the isolation or increase the insertion loss depending on
the type of stress gradient [14]. Table 4.2 shows the CoventorWare results of stress analysis
of 4  m and 5  m cantilever beams where the displacement of the tip of the cantilever
beam for a particular stress value is shown. In Table 4.2, a negative value for displacement
indicates that the cantilever beam bends towards the RF contact point and vice versa.
Y X
Z
Displacement Mag.: 0.0E+00 1.8E-01 3.5E-01 5.3E-01 7.0E-01
um COVENTOR
Fig. 4.4: Collapse of cantilever beam on actuation pad.
Table 4.1: Pull-down and collapse voltages for diﬀerent cantilever thicknesses.
Cantilever thickness(t m) Pull-down Voltage(V) Collapse Voltage(V)
2 10.2 27.7
3 18.2 50.4
4 28.5 78
5 39 106
6 50.3 141
7 62.5 190
8 76 22030
4.4 Dynamic Analysis
After initial analysis, fabrication and testing of MEMS switch it was found that before
the cantilever creates a good contact with the RF contact point the beam touches the
actuation pad creating a DC short. Hence, to better visualize this eﬀect, dynamic analysis
of the beam is carried out in Architect where a ﬁxed voltage can be applied to the beam
and over time the motion of the beam can be visualized in a video. In this analysis it was
found that the eﬀect of dimple thickness (d), height of the cantilever above the substrate(h),
and thickness of the cantilever (t) have a predominant eﬀect on DC shorting which can be
seen in ﬁg. 4.4. Accordingly, the thickness of the cantilever is chosen to be 4  m or 6  m
and h is chosen to be 0.7  m or 1.05  m, giving four combinations, and for each case
dimple thickness (d) is varied from 0.1  m to 0.6  m. Tables 4.3, 4.4, 4.5, and 4.6 give
the status of the cantilever beam for a particular dimple thickness when actuation voltage
is two times the Pull-down voltage for all four cases. Also, the Young’s modulus of the
cantilever beam practically obtained is never greater than 35 GPa [38]. Hence, to be more
realistic the Young’s modulus of the simulated beam is delibrately reduced to 28.5 GPa
and under these circumstances the results are given as follows.
Table 4.2: Stress analysis.
Residual Stress Displacement for 4  m beam Displacement for 5  m beam
−100MPa -0.15 m -0.13 m
−50MPa -0.093 m -0.075 m
50MPa 0.037 m 0.045 m
100MPa 0.094 m 0.1 m31
Table 4.3: Status of the beam (t=6  m, h=1.05  m, Vactuation = 140V ).
Dimple thickness(d in  m) Status
0.1 collapses
0.2 collapses
0.3 collapses
0.4 collapses
0.5 works
0.6 works
Table 4.4: Status of the beam (t=6  m, h=0.7  m, Vactuation = 75V ).
Dimple thickness(d in  m) status
0.1 collapses
0.2 collapses
0.3 works
0.4 works
0.5 works
0.6 works
Table 4.5: Status of the beam (t=4  m, h=1.05  m, Vactuation = 75V ).
Dimple thickness(d in  m) status
0.1 collapses
0.2 collapses
0.3 collapses
0.4 collapses
0.5 collapses
0.6 works
Table 4.6: Status of the beam (t=4  m, h=0.7  m, Vactuation = 40V ).
Dimple thickness(d in  m) status
0.1 collapses
0.2 collapses
0.3 works
0.4 works
0.5 works
0.6 works32
Chapter 5
Conclusion and Future Work
Finally, with the robust mechanical design of the MEMS switch, which is the funda-
mental building block of the reconﬁgurable antenna supported by a compact and broadband
antenna structure, a harsh-environment tolerant frequency reconﬁgurable antenna can be
made, which becomes extremely useful to the Public Safety personnel in handling catas-
trophic situations. Improvements in microfabrication process steps to aid in the reliability
of MEMS switch accompanied by the fabrication of overall design of the frequency recon-
ﬁgurable antenna is the future work to the thesis presented here, which I would be carrying
out as a doctoral eﬀort.33
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Appendix A
Overall Research Flow at RF  NǫMS Lab.
Fig. A.1: Overall research ﬂow at RF  NǫMS lab.38
Appendix B
Antenna Basics
B.1 Radiation Pattern
In the ﬁeld of antenna design the term “radiation pattern” most commonly refers to
the directional (angular) dependence of radiation from the antenna. The radiation pattern
is a graphical depiction of the relative ﬁeld strength transmitted from or received by the
antenna. Antenna radiation patterns are taken at one frequency, one polarization, and one
plane cut. The patterns are usually presented in polar or rectilinear form with a dB strength
scale. The antenna in this thesis is aimed to give an omni-directional radiation pattern in
the φ = 00 plane as it best suits the wireless communication requirements.
B.2 Directivity and Gain
The directivity D and the gain G deﬁned in [28] are probably the most important
parameters of an antenna. The directivity of an antenna is equal to the ratio of the maximum
power density P(θ,φ)max(watts/m2) to its average value over a sphere as observed in the
far ﬁeld of an antenna. Thus,
D =
P(θ,φ)max
P(θ,φ)avg
Directivity from pattern.
The gain G of an antenna is an actual or realized quantity which is less than the directivity
D due to ohmic losses in the antenna or its radome (if it is enclosed).
B.3 Reﬂection Coeﬃcient and Bandwidth
The ratio of reﬂected power from the antenna to the input power is the reﬂection
coeﬃcient. The lower is the reﬂection coeﬃcient value the lower is the reﬂected power and
more power is input to the antenna.39
The range of frequencies in which the reﬂection coeﬃcient is within the acceptable
value so that maximum power is input into the antenna is the bandwidth of the antenna.
The fractional bandwidth is deﬁned as
FBW =
f2−f1
fc ,
where f2 is the upper frequency beyond which the reﬂection coeﬃcient degrades, similarly
f1 is the lower frequency, and fc is the frequency of operation of the antenna.40
Appendix C
MEMS Basics
Cantilever beams are useful in many situations where it is inconvenient to ﬁx both ends
of the beam [13]. An example is the in-line series switch where the input t-line becomes a
cantilever beam whose free end hangs over the output t-line (ﬁg. C.1).
The spring constant due to a uniform force applied over the entire beam is given by
ka =
2Ew
3
(
t
l
)3,
where E is the Young’s modulus of the cantilever beam, w, t, and l is the width, thickness,
and length of the cantilever, respectively, whereas the spring constant for a force distributed
from x to l on the beam, as shown in ﬁg. C.1, is given by:
kc =
2Ew
3
(
t
l
)3 1 − (x/l)
3 − 4(x/l)3 + (x/l)4.
Fig. C.1: Example of a cantilever beam used as a series switch in a microstrip line.